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Abstract
The purpose of this research project is to design a multi-purpose fMRI-compatible
vibrotactile skin stimulator that can be used in varying fields of research so that a
specific design does not have to be built for each individual application. Throughout
this project, several stimulator designs were produced, but the core idea for each was
quite similar. In each design, a wire coil was wound on a flexible plastic tape former.
One point of each coil is fixed, and the opposite point provides stimulation. Each wire
coil was placed in a constant magnetic field, which provided a weaker version of the
magnetic field present in an fMRI bore. Inside this field, each coil was driven using a
current source, which creates a force on each segment of the coil that is determined by
the equation ~F = ~I l× ~B. The result of these forces on the segments of the coils is a
torque in the joints of the coils. Depending on the direction of the current in the coils,
this torque causes the coils to either extend upward or contract downward. When
these coils were driven in the audible frequency band (85 to 255 Hz), the oscillating
contraction and extension of the coils provided vibrotactile stimulation that can be
detected by humans. Each stimulator design was tested for functionality through
measurements of its admittance versus frequency as well as its force per current
transfer function versus frequency. These tests were utilized to evaluate which of the
stimulator designs properly provided vibrotactile feedback while inside a magnetic
field for the intended frequency band of use and also allowed for the determination of
the most practical skin stimulator design.
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Chapter 1
Introduction
Vibrotactile stimulation is a commonly used technique within MRI scanners to
help identify functional anatomy [1], improve somatosensory localization [1,2], en-
hance accuracy of pre-surgical mapping [3], and aid in haptic systems development
[4]. With the widespread growth of applications for this type of stimulation device,
a generalized and well-characterized MRI-compatible stimulator can be used across
multiple domains of research without having to build a stimulator specific for each
intended use.
The aim of this research project is to fill this need by designing a vibrotactile skin
stimulator that will function properly while placed in a magnetic field that mimics the
field inside an fMRI bore. The skin stimulator designs that were built and examined
in this project are variations of the device depicted in Figure 1.1. This specific device
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contains approximately one meter of 32 AWG enamel-coated copper wire covered on
both the inside and outside by Kapton tape, which is an electrically insulating heat-
resistant tape made of polyimide film. The bottom of the coil is fixed to an acrylic
plate, while the top of the coil is free to move.
Figure 1.1: Four Bar Mechanism Vibrotactile Skin Stimulator
In order to standardize the shape of the stimulator coil designs, a hexagonal coil
former with the dimensions shown in Figure 1.2 was sketched, saved as an SVG file,
and cut out of one-eighth inch thick acrylic using a Pro-Tech K40 laser cutter. Four of
these acrylic shapes were stacked together and screwed in place so that coils of a width
up to one half of an inch could be wound around this shape. This coil former provided
the ability to wind the coils with precision, allowing for repeatability, and also ensured
that the top and bottom of each coil was smooth and flat. This characteristic is quite
helpful as it allows for the coils to be glued down to a flat surface with ease and also
allows for an accelerometer to be glued to the top of coils, which is important for
data collection. Each coil built in this project was wound using a coil former with
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these dimensions, with the exception of the last coil to be discussed, which was wound
around a larger version of this coil former.
Figure 1.2: Cross-Section Dimensions of Coil Former Used in Stimulator Builds
When the four pieces are screwed together, the coil former, shown in Figure 1.3,
becomes a convenient tool in the process of winding coils. Until the coil former was
designed, coils were wound around spherical objects and formed into a hexagonal
shape by hand. This coil former design guarantees that all coils have the same
dimensions and that the coils bend at ninety degree angles when providing vibrotactile
feedback.
Figure 1.3: Hexagonal Coil Former
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When these stimulator coils are placed in a magnetic field, this hexagonal design
becomes a four bar mechanism that takes advantage of the magnetic field passing
through the device in order to act as an electric motor. Any current running through
the coil is perpendicular to this magnetic field, which creates a force on each segment
of the coil that is determined by the equation ~F = ~I l × ~B, where F is the force on
each segment, I is the current, l is the length of each segment, and B is the magnetic
field density. The result of the forces on each segment is a torque in the joints of the
coils. Depending on the direction of the current, this torque causes the coils to either
extend upward, as depicted in Figure 1.4(a), or contract downward, as depicted in
Figure 1.4(b). When these coils are driven in the audible frequency band (85-255 Hz),
the oscillating contraction and extension of the coils provides vibrotactile stimulation
that can be detected by humans.
(a) Extension of Skin Stimulator (b) Contraction of Skin Stimulator
Figure 1.4: Depiction of Vibrotactile Stimulation by Stimulator Coil
In order to determine the viability of using this type of device, the varying stimu-
lator designs were placed between two neodymium magnets that provided a magnetic
field of approximately 0.3 T, with the exception of the first design that was placed
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in a magnetic field of approximately 0.5 T created by two different neodymium mag-
nets. Once the devices were placed in one of the strong magnetic fields, they were
supplied current at varying frequencies during which the impedance of the devices
was measured. By converting impedance to admittance, the different devices’ ad-
mittance values were plotted versus frequency to quantify the performance of each
device inside a magnetic field. Then, the force per current transfer function of each
stimulator coil was recorded and plotted versus frequency in order to measure the
ability of each stimulator to provide vibrotactile feedback in the intended frequency
range of use (85 to 255 Hz) and to locate any resonance frequencies.
The data in these plots was used to determine which stimulator coils functioned
in the desired manner under the environment of a magnetic field and allowed for the
determination of the most practical stimulator design. The information presented
in this thesis is focused on the various stimulator designs and their respective tests
performed in order to construct the most useful fMRI-compatible skin stimulator.
5
Chapter 2
Stimulator Coil Designs
In order to determine the most useful skin stimulator design, seven different vi-
brotactile feedback coils were built and tested for functionality. The parameters that
vary among the coils are the length of wire used, number of turns, gauge of wire,
coil cross-section dimensions, and coil width. These parameters all contribute to the
determining characteristics of the coils, such as the spring constant and dampening
factor. These factors ultimately determine how well each coil provides vibrotactile
feedback inside a magnetic field, the frequencies at which vibrotactile feedback is pro-
vided, and the location of resonance frequencies. The force per current characteristics
were tested at a specific range of frequencies for each coil in order to quantify the
most desirable design to be used as an fMRI-compatible skin stimulator. Although
not included graphically, the admittance of each coil was also recorded for many of
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the designs to gain a further understanding of each coil’s ability to provide vibrotactile
feedback inside a magnetic field in the desired frequency range.
2.1 Quarter-Inch Coil with 1 Meter of 32 AWG
Wire
The first coil design tested was a quarter-inch coil wound with one meter of 32
AWG copper wire and is pictured in Figure 2.1. This device’s force per current (N/A)
response was recorded versus a range of frequencies using a test setup that is different
than the tests of the remaining coil designs. To conduct the testing of this coil, first a
small aluminum jig was fabricated to hold two neodymium magnets that create a 0.5
T magnetic field when held at a set distance. The coil was then placed inside this jig,
pictured in Figure 2.1, that has an access hole on the top to allow a finger or weight
to be placed on the coil.
Figure 2.1: Aluminum Magnet Jig with Quarter-Inch 1 Meter 32 AWG Coil Design
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The force per current curves were recorded as logarithmic scans for both the
loaded and unloaded frequency responses and quantified using a Polytec PDV-100
laser vibrometer to measure the velocity of the coil while an Analog Discovery 2 board
was used to record the current supplied to the coil. The output of the vibrometer
was also fed to the Analog Discovery 2 board to be processed by the WaveForms
software associated with the Analog Discovery 2 board. During the measurements,
when indicated as loaded, the system was weighted with a 24.14 g brass weight to
simulate the mass of a human finger and a 1.02 g thermally resistant plastic disk
that was glued to the top of the coil. When indicated as unloaded, the only weight
on the coil was the 1.02 g plastic disk. An AudioSource (5.3 A, 250 Watt maximum
continuous output power) single channel audio amplifier was used to amplify the
input into the coil. This coil design has an impedance over the audible frequency
band with a predominately real magnitude of slightly less than 1 Ω. Because the
AudioSource amplifier cannot safely drive a load this low, an additional 1 Ω power
resistor was placed in series with the stimulator coil. All of the coil designs presented
this problem, so the solution of placing this extra resistor in series with each coil was
repeated throughout the process of testing the coils.
Human sensitivity for vibration increases above 100 Hz and decreases above 320
Hz. Thus, data was recorded throughout this frequency range and frequency values
slightly outside this range when the devices were being tested. The diagram in Fig.
2.3 verifies that this coil provides vibrotactile stimulation inside the magnetic field
with a fairly consistent force per current response over the frequency band of intended
use when loaded with the brass weight. The device exhibits a resonance frequency
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at 130 Hz when it is unloaded, which is shown in Fig. 2.2. However, this resonant
frequency shifts to below 50 Hz when the device is loaded, which is seen in Fig. 2.4
of the force per current response in the frequencies lower than the band of interest.
Because of this shifting of the resonance frequency when loaded, this coil design
functions quite ideally for the intended frequency range of use.
Figure 2.2: Unloaded Force/Current Transfer Function of Quarter-Inch 32 AWG Wire
Coil
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Figure 2.3: Loaded Force/Current Transfer Function of Quarter-Inch 32 AWG Wire
Coil, 50 Hz to 500 Hz
Figure 2.4: Loaded Force/Current Transfer Function of Quarter-Inch 32 AWG Wire
Coil, 10 Hz to 50 Hz
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2.2 Half-Inch Coil with 1 Meter of 32 AWG Wire
While the first stimulator coil design provides stimulation satisfactorily inside a
magnetic field, there is one feature of this coil that decidedly required improvement.
The quarter-inch width of the first coil resulted in a rather wobbly and unstable
design when weighted. To improve upon this design, a second coil was built with the
exact same wire length of one meter, the same wire gauge of 32 AWG, and the same
amount of turns as the first design. However, the width of this new coil was doubled
to one half of an inch. To compensate for this doubled width while using the same
length of wire, the spacing between the windings of the coil had to be doubled. The
motivation behind doing so was to preserve the characteristics of the first coil design,
while creating a stiffer, more stable version of this design.
In order to test the functionality of this coil, and all subsequent coils in this
project, the same circuit setup was constructed as in the test of the first stimulator
coil. However, different equipment was used to record the desired data for this coil
and all that follow. Rather than using the Polytec PDV-100 laser vibrometer to
measure the velocity of the coil, an accelerometer was attached to the top of the
coil, as depicted in Figure 2.5, to measure its acceleration during experimentation.
The output of this accelerometer, which is a Measurement Specialties piezoelectric
ACH-01 Accelerometer, was fed through a 20 dB voltage gain amplifier and then
subsequently into one channel of an Analog Discovery 2 board. Another channel of
this Analog Discovery 2 board was connected across the 1 Ω resistor in the circuit
to monitor the voltage being supplied to the resistor. However, since the resistor has
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a value of 1 Ω, the voltage across it is equal to the current running through it and
ultimately through the stimulator coil that was connected in series to the resistor.
Thus, the current being supplied to the coil was recorded in the second channel of
the Analog Discovery 2 board. Using this acceleration and current data for the coil,
the force per current characteristic curves were plotted via Matlab scripts for the
intended frequency range of use. The scripts used to generate these plots and the
plots of the data recorded by the Polytec vibrometer are included in the appendix for
reference. Also included in the appendix is a comparison of the two methods of data
acquisition in order to verify that both methods are accurate and appropriate for use
in quantifying the functionality of the stimulator coils.
Figure 2.5: Half-Inch 32 AWG Wire Coil With Accelerometer Configuration
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Figure 2.6: Delrin Acetal Resin Weight
Not only was the equipment utilized
in recording data while testing this coil
different than the first design, but the
values of mass when this coil was un-
loaded and loaded are different as well.
When this coil is indicated as unloaded,
the only weight on the coil is the 2.872 g
accelerometer, as can be seen in Figure
2.7(a). When loaded, as in Figure 2.7(b),
the coil is weighed down by both the accelerometer and a 19.29 g Delrin acetal resin
cylinder, pictured alone in Figure 2.6, to simulate the weight of a human finger. In
the testing of the coil when loaded (Fig. 2.9), the total 22.162 g of the accelerometer
and resin weight shifted the resonance frequency of the unloaded case (Fig. 2.8) be-
low the targeted frequency range. Thus, when this coil design is loaded, it provides
vibrotactile feedback in a nearly ideal manner for the entire intended frequency band
of use. These results were expected, as this coil only varied from the original coil in
its width. However, the added width of the coil is significant and provided for a much
more stable design than the previous quarter-inch wide coil.
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(a) Unloaded Testing of Stimulator Coil (b) Loaded Testing of Stimulator Coil
Figure 2.7: Unloaded and Loaded Test Setup of Half-Inch 1 Meter 32 AWG Stimulator
Coil
Figure 2.8: Force/Current Transfer Function of Unloaded Half-Inch 1 Meter 32 AWG
Wire Coil
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Figure 2.9: Force/Current Transfer Function of Loaded Half-Inch 1 Meter 32 AWG
Wire Coil
2.3 Half-Inch Coil with 1.4 Meters of 26 AWG
Wire
In the process of exploring different designs for stimulator coils, the gauge of wire
used was decided as a parameter that should be varied among the different coils. The
purpose of varying the wire gauges was to study the effects this parameter had on
the ability of a coil to give vibrotactile feedback so that the most practical wire gauge
could be identified for this application. With this reasoning in mind, a half-inch wide
coil was wound with 26 AWG wire in order to examine its feasibility as a vibrotactile
stimulator. Because its diameter is larger than 32 AWG wire, only 1.4 meters of
26 AWG wire can be wound around a one half-inch wide coil using the coil former
illustrated in Figure 1.3. To make testing each different coil design simple and to
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create uniform results, the same experimental setup and equipment used in testing
the half-inch coil with one meter of 32 AWG wire were utilized in testing this new coil,
as well as the remaining coils discussed in this project. This stimulator coil, which is
pictured in Figure 2.10, produced rather insightful results when tested for its force per
current frequency response. When unloaded, this coil provided very little vibrotactile
feedback in the frequency range of use, which can be seen in Figure 2.11. When
loaded with the resin weight, the coil again provided minimal vibrotactile feedback
and also exhibits a resonance frequency in the band of increased human sensitivity
to vibration, which is shown in Figure 2.12. The conclusion drawn from this data
is that the 26 AWG wire is thick enough that a coil made of this gauge wire is too
stiff to provide ample vibrotactile feedback. Thus, this design is of little use in any
practical application, but it did allow for the determination of an undesirable wire
gauge. With this information in mind, the remaining coils designed were constructed
with a larger wire gauge.
Figure 2.10: Half-Inch 26 AWG Wire Coil
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Figure 2.11: Force/Current Transfer Function of Unloaded Half-Inch 26 AWG Wire
Coil
Figure 2.12: Force/Current Transfer Function of Loaded Half-Inch 26 AWG Wire
Coil
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2.4 Half-Inch Coil with 2 Meters of 30 AWG Wire
In a continuation of the study of how different wire gauges affect vibrotactile
feedback, this coil was designed in the exact same manner as the previous one, except
with 30 AWG wire. Since the 32 AWG wire coil had desirable vibrotactile feedback
characteristics, the hypothesis for this coil was that it would likely also exhibit these
features or something quite similar. This 30 AWG coil, pictured in Figure 2.13, that
consists of two meters of wire provided further insight into the importance of wire
gauge used in the application of vibrotactile stimulation. The unloaded force per
current data (Fig. 2.14) shows that the vibrotactile feedback is insubstantial in the
lower portion of the frequency band and that there is also a resonance frequency in
the upper portion of this band. The loaded case (Fig. 2.15) is a modest improvement
of the unloaded case. When loaded with the resin weight, the vibrotactile feedback
provided by this coil is more noticeable than when unloaded. Also, the resonance
frequency when loaded is still in the band of intended use, but at a higher frequency.
Thus, the characteristics of this coil are an improvement over the 26 AWG wire coil,
but not nearly as desirable as those of the half-inch coil with one meter 32 AWG wire.
Due to these findings, it was determined that the ideal wire gauge is 32 AWG, so the
remaining coils constructed and studied all utilized 32 AWG wire.
18
Figure 2.13: Half-Inch 30 AWG Wire Coil
Figure 2.14: Force/Current Transfer Function of Unloaded Half-Inch 30 AWG Wire
Coil
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Figure 2.15: Force/Current Transfer Function of Loaded Half-Inch 30 AWG Wire
Coil
2.5 Half-Inch Coil with 1.86 Meters of 32 AWG
Wire
Since it was determined that the coils with 32 AWG wire behaved the most
ideally when providing vibrotactile stimulation inside a magnetic field, the focus of
the remaining coils was to vary other parameters outside of wire gauge to inspect the
effects each had on vibrotactile stimulation performance. The first parameter that
was tweaked was the length of wire used to make each coil. The previous 32 AWG
wire coil was made with only one meter of wire. For this new coil design, 1.86 meters
of wire was used. With the same wire gauge, the same width of one half-inch, and
the same hexagonal coil former used, the vibrotactile feedback of this coil can be
compared to the previous 32 AWG coil with confidence that the change in length of
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wire is the determining factor in the different behaviors of the coils. As can be seen in
Figure 2.17, this new coil (pictured in Fig. 2.16), has an interesting response when it
has no load. The amount of force provided per current supplied is enough to provide
ample vibrotactile feedback throughout the entire frequency band. However, there is
a resonance frequency in the middle of this band, which is concerning. When loaded
(Fig. 2.18), this resonant frequency remains in the middle of the band, rendering this
design to be impractical for the use of a vibrotactile skin stimulator.
Figure 2.16: Half-Inch 1.86 Meter 32 AWG Wire Coil
Figure 2.17: Force/Current Transfer Function of Unloaded Half-Inch 1.86 Meters 32
AWG Wire Coil
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Figure 2.18: Force/Current Transfer Function of Loaded Half-Inch 1.86 Meters 32
AWG Wire Coil
2.6 Half-Inch Coil with 2.2 Meters of 32 AWG
Wire
As a further exploration of the effect that length of wire has on a coil’s ability to
provide vibrotactile feedback, the previous coil was duplicated but with 2.2 meters
of 32 AWG wire. This new design, pictured in Figure 2.19, was characterized by
the same tests as the previous coils. In the both the unloaded and loaded tests
for force per current response, which are shown respectively in Figures 2.20 and
2.21, this coil demonstrates an excellent ability to provide vibrotactile feedback in
the intended frequency band with the exception of resonance frequencies at almost
identical locations as the previous coil. Thus, it was concluded that adding wire to
the original 32 AWG coil with one meter of wire drives the resonance frequency to an
22
undesirable location. Therefore, the design with only one meter of wire is the most
ideal design when all other parameters remain unchanged.
Figure 2.19: Half-Inch 2.2 Meter 32 AWG Wire Coil
Figure 2.20: Force/Current Transfer Function of Unloaded Half-Inch 2.2 Meters 32
AWG Wire Coil
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Figure 2.21: Force/Current Transfer Function of Loaded Half-Inch 2.2 Meters 32
AWG Wire Coil
2.7 Half-Inch Coil with 32 AWG Wire and Dou-
bled Coil Former Length
Throughout the coil designs discussed thus far, there have been variances in coil
width, wire gauge, and the length of wire used. One thing that has remained constant
is the design of the coil former used to wind each coil. In order to better understand
the effect this shape has on vibrotactile feedback characteristics, the initial coil former
design was altered to the dimensions shown in Figure 2.22. The design came about
by doubling the diagonal lengths of the original coil former and leaving the top and
bottom of the shape at the same length of the original design.
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Figure 2.22: Dimensions of Second Coil Former
Once again, four of these shapes were cut out of one-eighth inch acrylic and
stacked together to create a half-inch coil former. Then, 4.8 meters of 32 AWG wire
was wound around this shape to create the coil shown in Figure 2.23. When tested
in the same manner as the previous coils, this design yielded the following results:
the unloaded coil provided vibrotactile feedback extraordinarily well throughout the
entirety of the frequency band of interest (Fig. 2.23). When loaded with the resin
weight (Fig. 2.24), the coil provided rather non-ideal stimulation in the intended
frequency band due to a resonant frequency being shifted to 180 Hz. The added
length of the coil former allowed for a slight improvement in the ability to provide
vibrotactile feedback when unloaded, but resulted in a coil that was not stiff enough
to handle the added weight in the loaded case. Thus, the length of the four arms of
the coils is an important parameter when it comes to the design of a stimulator coil,
and the more ideal coil former dimensions are those pictured in Figure 1.3
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Figure 2.23: Half-Inch 32 AWG Wire Coil with Doubled Coil Former Length
Figure 2.24: Force/Current Transfer Function of Unloaded Half-Inch Doubled Coil
Former Length 32 AWG Wire Coil
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Figure 2.25: Force/Current Transfer Function of Loaded Half-Inch Doubled Coil For-
mer Length 32 AWG Wire Coil
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Chapter 3
Case Designs
In order for a vibrotactile skin stimulator to be of use to an experimenter, test
subject, or patient, it must be housed in a design that isolates the stimulator coil
from the user. The purpose of this isolation is to prevent physical contact between
the user of the device and the coil, as the coil can become exceptionally hot when
in use and is therefore a hazard if in contact with the user. A case also allows for
comfort and is more ergonomic for the user of the skin stimulator. In the process of
determining the case that best fit the criteria of practicality, comfort of user, and the
ability to be used in a magnetic field, two designs were fabricated and observed in
functionality tests in order to deduce which design best fit all of the criteria.
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3.1 First Case Design
An acrylic jig with the dimensions pictured in Figure 3.1 was the first case design
produced to house the stimulator coil. This design and the following design presented
were cut out of one-eighth inch thick acrylic using the same Pro-Tech K40 laser cutter
that was used to cut out the coil formers discussed in sections 2.1 and 2.7. The
1.84 inch diameter hole on the top face of the jig is an opening that allows a coil
to provide stimulation to an experimenter or user. The 0.2 inch diameter holes on
the two opposite of the jig are designed for screws to fit through in order to secure
removable magnets to the jig for any tests in which magnets are desired. The large
rectangular holes on the front and rear faces of the jig provide access points so that
different coils can be interchanged in the case.
Figure 3.1: Dimensions of First Jig Used to House Stimulator Coils
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Figure 3.2: First Jig Design (With Coil Removed)
For this design,
a thermally isolat-
ing acrylic disk was
glued on top of
coils that were placed
in the case, but
with an accelerom-
eter in between the
disk and coil for
the purpose of col-
lecting acceleration
data during experiments. The acrylic disk functioned much like the cone of an audio
speaker, moving up and down due to the vibrating action of the stimulator coil. As
can be seen in the constructed case in Figure 3.2, a speaker surround was placed be-
tween the case and the acrylic disk to completely isolate the stimulator coil from its
surroundings. Through functionality measurements with coils placed in this design,
it was determined that this setup of an acrylic disk with a speaker surround added
stiffness to the stimulator coil and produced an undesirable effect on the resonance
frequencies of the coils tested in this design. Thus, this design was deemed impractical
for this application.
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3.2 Second Case Design
The dimensions of the second housing case design are depicted in Figure 3.3. This
design fit the criterion of practicality more than that of the first case. The long,
slender build of the case allows for an experimenter or patient to comfortably place
his or her finger over the 22 mm by 16.4 mm rectangular hole in the top of the case.
This opening gives direct access to the accelerometer placed on top of the stimulator
coil to the user. The 46 mm by 4.7 mm rectangular hole provides a pathway for the
output cable of an accelerometer to remain free to move before being secured to the
end of the case. The circular hole with a diameter of 2 mm on the end of the case is
an opening for the wires of the stimulator coil to be fed through. There is no acrylic
disk on top of the accelerometer in this design, as this was decided to be unnecessary
since the accelerometer provides spacing between the potentially hot stimulator coil
and the user.
Figure 3.3: Dimensions of Second Jig Used to House Stimulator Coil
When a stimulator coil is placed inside this case design and the acrylic pieces are
glued together, the final product is what is shown in Figure 3.4. When utilized in
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functionality tests, this design proved to be more practical and had no effects on the
resonance frequencies of the devices tested inside of it. Thus, this case is the preferred
design and will be utilized in this project going forward.
Figure 3.4: Second Jig Used to House Stimulator Coils
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Chapter 4
Conclusions
Based on the results and observations from the functionality experiments con-
ducted throughout this project, the following conclusions were drawn: First, the
most practical gauge of wire to use in a vibrotactile skin stimulator coil for use in
a magnetic field is 32 AWG. Secondly, a coil width of one half inch proved to be
much more stable than that of only one quarter inch. Finally, when using the smaller
coil former, the half-inch coil with one meter of 32 AWG wire provided vibrotactile
stimulation in a near perfect manner inside a magnetic field throughout the frequency
band of intended use. The data collected for this coil suggests that this design will
properly function in the bore of an fMRI, but this must be verified through rigorous
testing. Also, careful experimentation must be conducted in order to verify whether
or not the design interferes with an fMRI’s ability to render images. The investigation
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of varying design parameters allowed for an in-depth understanding of how each affects
vibrotactile stimulation performance and provided information on which coils are not
useful in this application. Lastly, a practical acrylic jig was created that houses the
stimulator coils and can be safely used in experiments that involve a strong magnetic
field.
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Chapter 5
Future Work
Now that the optimal design has been observed in the presence of a magnetic
field and demonstrated a response which suggests that it will properly operate in-
side an fMRI bore, it must undergo further tests to verify functionality in this type
of environment. In order to determine the viability of using this device under an
fMRI, the stimulator coil will be tested versus an imaging phantom. Phantoms are
specifically designed objects placed in a medical imaging field to tune the output, or
performance, of the rendered image. A phantom gives more consistent results than
a human subject, making it a preferred calibration measure. In general, a phantom
is a spheroidal-shaped homogeneous mass that creates a uniform magnetic resonance
signal when scanned. The purpose of a phantom scan is to answer the following
questions:
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1) Is there any spatial distortion in the images? For example, does the image of a
sphere look like a sphere?
2) Is the signal from the phantom high while the signal from regions around the
phantom are low? This is a good measure of signal to noise ratio.
3) Does the signal stay stable over time?
The basic approach will be to scan the phantom alone in an fMRI. Then, the
stimulator coil will be scanned whilst next to or attached to the phantom and turned
off. Finally, the coil will be scanned while next to the phantom and turned on.
The images rendered during these tests will then be compared. If the signal or the
shape of the phantom changes when the stimulator coil is present, then the device
must be influencing the fMRI’s ability to render an image. While being tested, the
stimulator coil will have the same accelerometer attached to it as in previous tests to
verify that it is working properly under the strong magnetic field of an fMRI, which
is approximately 3 T. Also, the passive filter that is connected to the coil must be
tested to determine the effects of magnetic coupling due to the fMRI’s magnetic field.
To accomplish this, a spectrum analyzer will be placed before and after the filter to
measure the frequency of the power across the device while the device is turned off
and the fMRI is turned on. These tests will allow for the validation of utilizing this
vibrotactile skin stimulator on a patient while undergoing fMRI imaging.
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Matlab Code
The following script was written in Matlab to plot the unloaded force per current
transfer function of the quarter-inch coil with one meter of 32 AWG wire, which was
recorded using the Polytec PDV-100 laser vibrometer and an Analog Discovery 2
board:
Figure 1: Matlab Script to Plot Unloaded Force/Current Transfer Function of
Quarter-Inch 1 Meter 32 AWG Wire Coil
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The following script was written in Matlab to plot the unloaded force per current
transfer function of the half-inch coil with one meter of 32 AWG wire, which was
recorded using the Measurement Specialties piezoelectric ACH-01 Accelerometer and
an Analog Discovery 2 board:
Figure 2: Matlab Script to Plot Unloaded Force/Current Transfer Function of Half-
Inch 1 Meter 32 AWG Wire Coil
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Verification of Data Acquisition
In order to verify the accuracy of the data collected and to justify the two methods
utilized in characterizing the functionality of the stimulator coils, the output of the
two methods were plotted together for comparison. While the two different tests
were not made on the same exact coil, they were made on two coils with the identical
parameters. That is, they were each performed on quarter-inch coils with one meter of
32 AWG wire. The plot in Figure 3 is of the unloaded force per current characteristic
of these coils via the two test setups. Although the curves are not a perfect match,
they are quite similar. The discrepancy in amplitude and resonant frequency location
of the two can be credited to a few sources: the strength of the magnetic fields in
the two tests varied by 0.2 Tesla, the wire lengths likely varied by enough distance
to have a small effect on the output, and the two devices used for measuring data
have different tolerances of accuracy. Overall, the plots are similar enough to provide
confidence that the data is correct. The plot in Figure 4 is the force per current
curves of the coils when loaded. Again, there is a strong correlation between the two
curves. The resonant frequency of the accelerometer collected data is around 70 Hz,
whereas the resonant frequency of the LDV collected data is around 40 Hz, so it is
below the window of data collection. The ability to produce very similar plots by two
different methods on two nearly identical coils verifies that both methods are viable
and accurate.
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Figure 3: Unloaded Force/Current Plot for Two Data Acquisition Techniques
Figure 4: Loaded Force/Current Plot for Two Data Acquisition Techniques
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